surveys (Bu et al., 2017; Silver, Herman, & Firestone, 2001; Silver, Thompson, Reich, Ewel, & Firestone, 2005; Song, Lisa, & Tobias, 2014; Yin et al., 2017) and research with pure cultures (Bleakley & Tiedje, 1982; Mania, Heylen, Spanning, & Frostegård, 2014; Smith & Zimmerman, 1981; Stremińska, Felgate, Rowley, Richardson, & Baggs, 2012; Sun, De Vos, & Heylen, 2016) (Cole, 1996; Simon, 2002) , with the concomitant production of nonstoichiometric amounts of N 2 O amounting to around 3%-36% of consumed NO 3 − (Bleakley & Tiedje, 1982) . DNRA can follow different scenarios, with respiratory membrane-bound NarG, cytoplasmic NasBC, or periplasmic NO 3 − reductase NapA for NO 3 − reduction to NO 2 − , followed by NO 2 − reduction to NH 4 + via cytoplasmic nitrite reductase NirB or a periplasmic nitrite reductase NrfA (Bothe, Ferguson, & Newton, 2006) , with NirB induced under high NO 3 − concentration and NrfA induced by low NO 3 − concentration (Wang & Gunsalus, 2000) . The exact mechanisms for N 2 O production remain underexplored. They may differ between ammonifiers and most likely depend on the enzymes involved in the DNRA process. In Escherichia coli K-12, NO was shown to be produced by NrfA under the regulation of Fnr and mutants lacking Hmp, NarG or Fnr did not produce NO (Corker & Poole, 2003) . In Salmonella enterica serovar Typhimurium, NarGHI was responsible for NO generation from NO 2 − (Gilberthorpe & Poole, 2008) . The produced NO in these two bacteria will be reduced to N 2 O by flavohemoglobin Hmp and the di-iron-centered flavorubredoxin NorV with its NADH-dependent oxidoreductase NorW. Hmp is phylogenetically widespread in both denitrifying bacteria and nondenitrifiers. It can oxidize NO to NO 3 − in the presence of oxygen and reduce NO to N 2 O under anoxic conditions (Kim, Orii, Lloyd, Hughes, & Poole, 1999 ). However, not Hmp but NorVW (Gomes et al., 2002) may be the significant source of N 2 O, which can detoxify NO under micro-oxic or anaerobic conditions (Torres et al., 2016) . Besides, canonical NO reductase-Nor, which mostly exists in denitrifiers, was also found in certain DNRA bacteria. For instance, Bacillus vireti LMG 21834 T performs DNRA by NarG, NrfA, and Nor (CbaA), with additional NosZ partially reducing N 2 O to N 2 (Mania, Heylen, Spanning, & Frostegård, 2016; Mania et al., 2014) .
Similarly, Bacillus paralicheniformis LMG 6934, LMG7559 (renamed since 2015 (Dunlap, Kwon, Rooney, & Kim, 2015) ), and Bacillus licheniformis LMG17339 possess NarG, NirBD, and Nor, but not NosZ (Sun et al., 2016) . While, the mutants of Salmonella typhimurium Typhimurium lacking Hmp, NorV, and NrfA and of E.coli lacking NirB, NrfA, NorV, and Hmp still can reduce NO, suggesting that there are other mechanisms of NO reduction uncharacterized (Mills, Rowley, Spiro, Hinton, & Richardson, 2008) .
As denitrification and DNRA are the two well-known NO 3 − -consuming pathways in soil, with the former contributing to nitrogen loss to the atmosphere and the latter mainly leading to nitrogen retention in soil, studies with respect to different factors influencing these two pathways have been widely performed. It is well known that DNRA is favored over denitrification at higher C/N-NO 3 − ratios or NO 3 − limitation (Van den Berg, Van Dongen, Abbas, & Van Loosdrecht, 2015; Yoon, Cruz-Garcia, Sanford, Ritalahti, & Löffler, 2015) , higher pH (Schmidt, Richardson, & Baggs, 2011; Yoon, CruzGarcia, et al., 2015) , higher temperature (Ogilvie, Rutter, & Nedwell, 1997; Yoon, Sanford, & Loeffler, 2015) , and certain NO 2 − to NO 3 − ratios (Schmidt et al., 2011; . However, (Stremińska et al., 2012) .
It has been generally known that NH 4 + inhibits assimilatory NO 3 − reduction (general N control) (Schreier, Brown, Hirschi, Nomellini, & Sonenshein, 1989; Stouthamer, 1976) , increases growth rate of cells (Sun, De Vos, & Willems, 2017) , and does not repress dissimilatory NO 3 − reduction (Konohana, Murakami, Nanmori, Aoki, & Shinke, 1993 
| MATERIALS AND METHODS

| Strains
Bacillus paralicheniformis LMG 6934 was obtained from the BCCM/ LMG bacteria collection. It was grown aerobically at 37°C on TSA for 2 days, followed by two subcultivations on TSA before use in growth experiments in mineral media.
| Growth experiments
Anaerobic growth experiments were performed in mineral medium (4), serum vials were also incubated for a longer period of 192 hr and the complete NO 2 − reduction process was followed over time, and growth and nitrogen compound concentrations were monitored at several time points to study the mechanism of N 2 O production.
| Analytical procedures
Samples of 1 ml were taken from cultures through the rubber sep- 
| RESULTS AND DISCUSSION
| NO 2 − reduction ability
Already three decades ago, it was suggested that N 2 O production during DNRA originates from detoxification of accumulated NO 2 − (Bleakley & Tiedje, 1982; Smith, 1983 Figure 1) . Indeed, compared with other DNRA strains (Sun et al., 2016) belonging to Bacillus sp. and Citrobacter sp. (Stremińska et al., 2012) , B. licheniformis (Konohana et al., 1993) , and Pseudomonas stutzeri D6 (Yang, Wang, & Zhou, 2012) , LMG 6934 showed a high NO 2 − reduction ability, with up to 10 mmol/L of initial NO 2 − consumed.
Furthermore, up to 15 mmol/L NO 3 − was converted to NH 4 + (>85%) and N 2 O (<15%) with no residual NO 2 − at the end of the experiment.
The high NO 2 − reduction ability observed in our tests with high NO 3 − or NO 2 − concentration might partly be due to increased NirB activity (Wang & Gunsalus, 2000) . (Figure 3c ), which is also the case for the amount of N 2 O produced (Table 1) . Similarly, increasing NO 2 − concentration under fixed C/N-NO 2 − ratio of 18 also showed a positive effect on growth (p = .000049), this agrees with physiological data of a previous study (Smith, 1981) .
It indeed makes sense that, under higher NO 3 − concentration, more 
| Influence of NH 4 + concentration on N 2 O production
It is known that NH 4 + can repress NO 3 − assimilation causing NO 2 − to accumulate (Schreier et al., 1989; Stouthamer, 1976) ; however, it does not inhibit nitrate reduction for dissimilation toward NH 4 + (Konohana et al., 1993 ). Here, we tested its effect on N 2 O production and used (Konohana et al., 1993) .
| Ecological relevance and future perspectives
Here, we demonstrated that indeed NO 3 − as well as NO 2 − concentration shows a linear correlation with N 2 O production and increasing concentrations lead to more partitioning to N 2 O which may be a direct result of NO 2 − detoxification. This linear correlation is mediadependent and may be strain-dependent, as was found in our previous study when comparing three Bacillus strains in different media conditions (Sun et al., 2016) . The underlying mechanisms, however, remain elusive. Further studies are required to assess whether these effects apply for other DNRA strains and under field conditions. Such Hmp (Sun et al., 2016) . Hmp, however, has not been fully proved to be physiologically relevant as protection from nitrosative stress (Torres et al., 2016) . Therefore, as there was no growth defect caused by NO toxicity under the conditions tested, it can be hypothesized that qNor rather than Hmp may be a significant source of N 2 O in LMG 6934.
However, it still remains unclear whether NO generation is by NarG, NirBD, or both of them. , they are still relevant as comparable concentrations can exist in the environment (Reisenauer, 1966; Wolt, 1994) , for example during fertilization events of agricultural land (Dechorgnat et al., 2011) . We realize that the N 2 O production during ammonification might be considered negligible compared to that during canonical denitrification, especially when considering LMG 6934 is highly tolerant to NO 2 − . Nevertheless, ammonifiers are widely distributed in the environment and DNRA is considered the preferred NO 3 − reduction process in agricultural soils as it retains N in the system (Mania et al., 2014) . Therefore, future N 2 O mitigation strategies promoting DNRA need to consider the potential concomitant N 2 O production. In this respect, B. paralicheniformis LMG 6934, which under laboratory conditions produces less N 2 O than some other DNRA bacteria (Sun et al., 2016) , is an interesting strain. It was originally isolated from garden soil, showing nonfastidious growth and is nonpathogenic and may thus be a good candidate for application in agricultural fields, to promote DNRA over denitrification. This would favor nitrogen retention, increasing efficiency of nitrogen fertilizer applied and, to a certain degree, reducing N 2 O emission from the soil.
